Large amounts of anions and heavy metals coexist in flue gas desulfurization (FGD) wastewater originating from coal-fired power plants, which cause serious environmental pollution. 89%, 92%, 88%, 98%, 99.9% and 89%, respectively, which met stringent environmental regulations.
INTRODUCTION
Flue gas desulfurization (FGD) wastewater is generated when wet scrubbers wash dirty exhaust streams in coalfired power plants. During this process various hazardous substances are stripped off and go into liquid phase. FGD wastewater requires special attention mainly due to the combination of a high concentration of anions, such as Cl À , would endanger public health, threaten the survival of indigenous aquatic biota and even have a fatal effect (Kabuk et al. ) . Recently, the Ni ion discharge standard in many industries was raised to 0.1 mg/L in China (DB /-).
Conventional technologies applied to remove fluoride and heavy metals from FGD wastewater include chemical precipitation, filtration and ion exchange (Guan et al.
; Khosa et al. ; Muthu Prabhu & Meenakshi ).
However, chemical precipitation requires the addition of a large amount of chemicals such as lime, polyacrylamide, 2,4,6-trimercaptotriazine, trisodium salt, nonahydrate (TMT-15), which may produce secondary pollutants and a large amount of sludge (Guan et al. ) . Expensive membrane filtration is often limited by the high concentration of suspended solids (SS). Ion exchange shows excellent performance in the laboratory, but it incurs high operation costs for an extremely complex FGD wastewater treatment.
These methods are insufficient to meet elevated environment standards and achieve economic feasibility.
Electrocoagulation (EC) technology generated coagulants, created by an in situ electro-dissolution metal anode, have attracted much attention in the last two decades. Due to its fast reaction, reasonable cost and simple operation, EC has been employed successfully to treat fluoride-containing wastewater (Zhao et al. ) , organic wastewater (Kuokkanen et al. ) , and heavy metal wastewater (As (Balasubramanian & Madhavan ) , Cr (Arroyo et al. ) , Ni (Beyazit ) In this study, the treatment of real FGD wastewater by EC with the combination of iron and aluminum sacrificial electrode was investigated. Fluoride and nickel in the FGD wastewater are selected as the main target pollutants.
Optimization of various parameters such as electrode material, electrode distance, initial pH and current density for fluoride and nickel removal efficiency were explored.
Finally, we also assessed the effectiveness of the Fe/C/Al EC method for the removal of other concomitant substances in FGD wastewater and energy consumption.
MATERIALS AND METHODS

Chemical and samples
The samples of real FGD wastewater were collected from a coal-fired power plant located in Zhanjiang city, China.
Some physicochemical characteristics of raw wastewater used in this experiments are listed in 
Experimental apparatus
The electrolytic system ( 
EC procedure
Before the experiments were carried out, the iron and aluminum plates were scrubbed with sandpaper to clean the surface passivation layer and washed with ultrapure water, then all electrodes were soaked in 0.25 M H 2 SO 4 solution for 10 min and rinsed with ultrapure water, before being finally dried in the vacuum drying oven and placed in a desiccator to cool down.
An electrolytic cell with a volume of 1,000 mL wastewater was used at room temperature (25 ± 0. 
Analytical methods
The electrical conductivity and pH were measured by con- 
Calculations
The pollutants removal was determined in terms of removal efficiency defined as: 
in which E is the electric energy consumption (kWh/m 3 ), U is the voltage across the circuit (V), I is the current (A), t EC is the EC time (min) and V is the volume of given wastewater (m 3 ).
According to Faraday's law, the theoretically dissolved mass of aluminum or iron from the sacrificial electrode during the EC process can be calculated by the following
where m is the amount of the dissolved anode material (g), I
is the applied current (A), t EC is the reaction time of the EC process (s), M r is the specific molecular weight of the anode metal (g/mol), z is the number of electrons involved in the reaction (Z Fe ¼ 2, Z Al ¼ 3), and F is the Faraday's constant (96,485.34 C/mol).
RESULTS AND DISCUSSION
EC has vast advantages compared with the conventional coagulation process, but the effective utilization of it depends highly on the conductive capability of the solution. the optimal inter-electrode distance parameter was 5 mm.
The phenomenon can be explained by the following It can be seen from Equation (3) that the amount of dissolved iron and aluminum is proportional to the applied current and reaction time. Hence the achievement of a certain amount of dissolved metal can be obtained through increased time under a small applied current or increased applied current under a short time.
Effect of initial pH
In the EC process, the pH of the solution is a significant technical parameter since it influences the electrochemical reaction of electrodes and speciation of metal hydroxides . Ni removal efficiency decreased firstly from 92% to 49% when initial pH was varied from 4 to 8 and then increased slowly to 61% when the initial pH was further increased to 10 through 10 min EC treatment ( Figure 5(b) ). This is because the dissolution of iron and aluminum were accelerated at acidic pH and the precipitates of Ni(OH) 2 were generated by the reaction between OH À and nickel (Equation (15)) at alkaline pH. The optimal pH 4 obtained was consistent between Ni and fluoride.
Similar removal tendencies of fluoride and nickel were found after 25 min. All of the EC processes achieved a high fluoride and Ni removal efficiency and the maximal removal efficiency of fluoride and Ni were 85.8% and 98.1% at pH 4, respectively. Besides, since the system initial pH was 5.6-6.2 and after the EC process increased to 6.7-7.3, Al(OH) 3 and Fe(OH) 3 were able to be deposited according to their solubility product (K sp(Al(OH)3) ¼ 4.57 × 10
À33
and K sp(Fe(OH)3) ¼ 4.0 × 10 À38 , 25 W C). The results showed that the effect of initial pH on the pollutants removal from FGD wastewater was not neglectable.
Removal efficiency of concomitant pollutants
Significant removal of fluoride and Ni(II) were obtained after the optimization, but the removal efficiency for the concomitant pollutants in the FGD wastewater was not clear. Hence, the removal of concomitant pollutants was tested. Table 1 describes the removal efficiency of pollutants from FGD wastewater by EC using Fe/C/Al electrode combination with the current density of 5.00 mA/cm 2 and inter-electrode distance of 5 mm at pH 4 for 25 min. The results confirmed that the EC treatment system can effectively achieve a broad spectrum of pollutants removal. Remarkable efficiency for toxic heavy metals was obtained such as Hg ( 0.03 mg/L, 88%), Mn ( 0.4 mg/L, 89%), Pb ( 0.08 mg/L, 92%), Cd 
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In the EC system, the rapid dissolution of the submerged Al and Al 3þ produced the precipitates and flocs through Equations (11), (15) and (16). The precipitates and dissolved metal ions in the solution play an important role in the treatment of pollutants.
According to the study, the fluoride removal was attributed to adsorption of Al(OH) 3 particles (Equation (12)) and coprecipitation of Al 3þ (Equation (13) (14), (18) and (19)). From this, it can be seen that the Fe/C/Al have a satisfactory performance for fluoride removal in the EC system. Therefore, to simultaneously remove F À and Ni 2þ , the Fe/C/Al electrodes combination was chosen in the EC system for further FGD wastewater treatment. However, the reasonable disposal of heavy metal-containing sludge generated from the EC process should be considered, such as the utilization of lime or cement for stabilization/solidification or usage as raw material for production of ceramics (Butt et al. ; Verbinnen et al. ) .
CONCLUSIONS
This paper investigated the use of Fe/C/Al hybrid electrodes in an EC system for FGD wastewater treatment which allowed for simultaneous removal of Ni(II), fluoride and most toxic pollutants to improve the effluent quality. The effect of parameters like anode material type, time, inter-electrode distance, current density and initial pH on the removal of fluoride and nickel was evaluated. Results showed that the optimum removal of fluoride and Ni achieved was 85.8% and 98.1%, respectively, in current density of 5.00 mA/cm 2 and inter-electrode distance of 5 mm with pH 4 for 25 min. Meanwhile, excellent removal efficiency was also observed for some concomitant pollutants of Hg, Mn, Pb, Cd, Cu, SS and COD and reasonable energy consumption was used. In conclusion, the EC process with the Fe/C/Al electrode type is an effective method for removal of fluoride, nickel and most pollutants in FGD wastewater to meet the stringent environmental regulations.
